The survival of microorganisms in ancient glacial ice and permafrost has been ascribed to their ability to persist in a dormant, metabolically inert state. An alternative possibility, supported by experimental data, is that microorganisms in frozen matrices are able to sustain a level of metabolic function that is sufficient for cellular repair and maintenance. To examine this experimentally, frozen populations of Psychrobacter arcticus 273-4 were exposed to ionizing radiation (IR) to simulate the damage incurred from natural background IR sources in the permafrost environment from over ϳ225 kiloyears (ky). High-molecularweight DNA was fragmented by exposure to 450 Gy of IR, which introduced an average of 16 double-strand breaks (DSBs) per chromosome. During incubation at ؊15°C for 505 days, P. arcticus repaired DNA DSBs in the absence of net growth. Based on the time frame for the assembly of genomic fragments by P. arcticus, the rate of DNA DSB repair was estimated at 7 to 10 DSBs year ؊1 under the conditions tested. Our results provide direct evidence for the repair of DNA lesions, extending the range of complex biochemical reactions known to occur in bacteria at frozen temperatures. Provided that sufficient energy and nutrient sources are available, a functional DNA repair mechanism would allow cells to maintain genome integrity and augment microbial survival in icy terrestrial or extraterrestrial environments.
T
he results from decades of studying the stability of DNA in bacteria may be summarized in two uncomplicated axioms. First, genomic DNA is not inert; the genetic material will degrade with time, and damage will accumulate unless that degradation is repaired. And second, if this degradation is not reversed, the cell will die. The repair processes that cope with DNA damage are integral to life, and it is assumed that all species express means of maintaining genetic integrity.
The importance of DNA repair to cell viability motivated extensive study of the biochemistry and molecular biology of these repair processes in model organisms such as Escherichia coli (1) . Although the advantages of using this species for such studies are well documented, there is a question as to whether detailed knowledge of DNA repair in E. coli as observed under standard laboratory conditions adequately represents the full spectrum of bacterial responses to DNA damage. For instance, DNA repair is an energy-intensive activity (2, 3) , but microbial species in nature rarely experience optimal conditions for growth or have access to nutrient excess. Without a generous supply of energy, cells may need to generate a more measured response, rationing available resources in a manner that prioritizes the most important tasks for survival. Moreover, viability in the absence of cellular reproduction is sustained only by cells that do not accumulate a level of damage (e.g., to DNA) that exceeds a threshold beyond which effective repair is no longer possible.
Genomic DNA and viable bacteria are preserved in ancient ice and permafrost for hundreds of thousands to millions of years (4) (5) (6) (7) (8) . The presence of a solute-rich liquid phase within the ice matrix has been argued to be a habitat suitable for microorganisms (9) (10) (11) . Furthermore, experimental data support the hypothesis that certain bacteria and fungi are metabolically active under frozen conditions (12) , and there is currently no evidence for a minimum temperature threshold for metabolism (13) . Amato et al. (14) argued that the low rates of DNA synthesis observed in bacteria at Ϫ15°C would be sufficient to offset DNA damage incurred by natural background ionizing radiation (IR) over geological timescales. Additionally, Johnson et al. (8) found microbial DNA preserved in permafrost samples as old as 600 kiloyears (ky) and speculated that active DNA repair by certain bacterial phyla was the most likely explanation for the DNA integrity observed.
Information on the metabolic capabilities of microorganisms at very low temperatures has provided a new perspective on microbial survival strategies in the Earth's cryosphere (12, 15, 16) ; however, specific knowledge about their physiology under frozen conditions is still very limited. More precisely, while it is clear that DNA damage and repair are highly relevant to microbial survival, it is not known if microorganisms have the capacity to repair DNA damage under the conditions existing in an ice matrix (i.e., high ionic strength and low water activity and temperature). Here we report on experiments in which populations of Psychrobacter arcticus 273-4 were exposed to IR, and subsequently, the cells repaired lesions in their genomic DNA at Ϫ15°C. We discuss the broader relevance of how a functional pathway of double-strand break (DSB) repair would be superior to dormancy in alleviating the problem of incurring formidable damage to DNA over extended time frames and contribute to microbial persistence in glacial ice and permafrost environments.
MATERIALS AND METHODS
Bacterial strain and culture conditions. Pure cultures of Psychrobacter arcticus 273-4 (DSM 17307; equivalent to VKM B-2377) were grown aerobically with shaking (200 rpm) at 22°C in R2A broth (17) . Cells from the mid-exponential phase were harvested by centrifugation at 5,000 ϫ g, washed twice in phosphate-buffered saline (PBS; pH 7.2), and suspended in either PBS or 0.8% R2A broth. The viable cell concentration in each sample was determined by standard dilution plating.
Cells for the DNA repair experiments were suspended in an ice-cold R2A medium that was diluted to 0.8% of the standard recipe (i.e., a final concentration of ϳ10 mg C liter Ϫ1 ). Triplicate samples were prepared for each time point and assay. One-or two-milliliter samples of the cell suspensions were frozen by transferring the tubes to a Ϫ80°C freezer and storing the samples for at least 16 h. After exposure to IR, the samples were transferred to a Ϫ15 Ϯ 1°C incubator (Thermo Scientific Revco ULT model 350-3-A32 freezer) for up to 505 days. At each experimental time point, the viable cell count was determined using standard dilution plating; dilutions were performed in PBS, and the number of CFU was determined in triplicate following incubation at 22°C for 3 days on R2A medium solidified with 1.5% agar.
Exposure to ionizing radiation. To establish the sensitivity of P. arcticus to IR, cells suspended in PBS were exposed to IR at a rate of 5.0 Ϯ 0.14 Gy min Ϫ1 for 30, 60, and 90 min at 22°C, using a 60 Co irradiator (model 484; J. L. Sheppard and Associates). The dose rate was directly measured by Fricke dosimetry (18) . Survival was determined at each time point by triplicate serial dilution plating of the samples on agar-solidified R2A medium. The surviving fraction at each dose was calculated by dividing the average number of CFU formed postirradiation by the number of CFU in the control. The dose response of P. arcticus to IR was expressed as the D 37 value (i.e., the dose at which 37% of the cells survived) and was calculated from the slope of the survival curve (Fig. 1) .
Individual samples (n ϭ 48) of the frozen cell suspensions were placed in a glass beaker, overlain with dry ice, and transported from the Ϫ80°C freezer to the 60 Co irradiator in an insulated cooler containing ice packs chilled to Ϫ80°C. In the irradiation chamber, the beaker was surrounded by the ice packs to keep the samples at low temperature during irradiation. Cell populations of P. arcticus were exposed to 450 Gy of IR, and all samples remained frozen during the 90-min exposure. Identical samples that were not irradiated served as controls. After irradiation, the tubes were sorted and boxed within a Ϫ20°C walk-in freezer and were transferred to a Ϫ15 Ϯ 1°C incubator at Ͻ0.5 h postirradiation.
DNA extraction and PFGE. At each experimental time point, three samples were removed from the freezer, melted at 22°C, and immediately prepared for DNA extraction. The cells were harvested by centrifugation, suspended in a prewarmed buffer (50°C; 10 mM Tris, 50 mM EDTA, 20 mM NaCl; pH 7.2), and embedded in 1.6% low-melting-point agarose (50°C; 1% final concentration) within 15 min of removal from the freezer. To enhance polymerization, the plugs were incubated at 4°C for 10 min. Cell lysis was performed by placing the low-melting-point agarose plugs in a 0.5 M EDTA (pH 8.0) solution containing 1 mg ml Ϫ1 proteinase K, 1% (wt/vol) lauroyl sarcosine, and 1% (wt/vol) sodium dodecyl sulfate and incubating them for 24 h at 50°C. After lysis, the plugs were washed twice in 5 ml of deionized water and four times in TE buffer (10 mM Tris-HCl, pH 7.5, 1 mM EDTA, pH 8.0) for 30 min with agitation. A 2-mm slice was cut from each plug, and the chromosomal DNA was digested with 25 units of NotI in 1ϫ RE buffer (60 mM Tris-HCl, pH 7.9, 1.5 M NaCl, 60 mM MgCl 2 , 10 mM dithiothreitol) supplemented with bovine serum albumin (BSA; final concentration, 0.1 mg ml Ϫ1 ) (all from Promega) for 48 h at 50°C. After restriction enzyme digestion, the plugs were washed twice in 5 ml of TE buffer as described above. A DNA standard (Saccharomyces cerevisiae chromosomal DNA; Lonza) was included to facilitate sizing of the fragments and comparisons of migration patterns between individual gels. High-molecular-weight DNAs were separated by pulsed-field gel electrophoresis (PFGE) on a 1% agarose gel containing 0.5ϫ TBE (45 mM Tris-borate, 1 mM EDTA, pH 8.0) at 6 V cm
Ϫ1
, with a 120°a ngle and a ramp switch time from 50 to 90 s over 26 h at 12°C. The separated DNAs were visualized by staining with ethidium bromide. The gel was digitally photographed, and electropherograms were obtained and analyzed with the Bio-Rad Quantity One (version 4.2) software package. Background was subtracted using the software's rolling disk method, and the width and height of the automatically detected peaks were adjusted manually (Quantity One user guide for version 4, Bio-Rad). The shape of each band conformed to a Gaussian model, which was used to mathematically describe the PFGE profiles. The data from each electropherogram were normalized to the highest pixel intensity (i.e., expressed as 100% intensity), allowing individual peaks to be distinguished and compared more easily.
The frequency at which DNA DSBs were generated in the 2.65-Mb genome of P. arcticus (19) was estimated based on a rate of 1 DSB per 10 Gy per 5 ϫ 10 9 Da of double-stranded DNA (dsDNA) (20) . In the case of P. arcticus, 29 Gy would generate one DSB per chromosome, and 450 Gy (i.e., the experimental dosage) would introduce 16 DSBs. Similarly, the average number of DSBs that would be expected in each NotI restriction product was calculated ( Table 1 ). The kinetics of DNA repair was determined using the time-dependent appearance of intact chromosomal fragments in the electropherograms. Using this approach, the average cumulative number of DSBs repaired from triplicate samples was calculated at each time point. For example, if an average of 16 DSBs must be repaired to assemble the 2.65-Mb P. arcticus chromosome, then the repair of 6 DSBs would be required for a DNA fragment of 0.997 Mb (Table 1 , data for band 7). The rate of DSB repair was determined from the slope of a fitted linear regression model. To represent the variability observed between sample replicates, the minimum and maximum numbers of DNA DSBs repaired by 505 days were used to calculate low and high rate estimates for the number of DNA DSBs repaired.
RESULTS
The survival of P. arcticus after exposure to 150, 300, and 450 Gy of IR followed an exponential-decay function (Fig. 1) . From these [20] ), 16 DSBs, on average, were introduced into the chromosome of P. arcticus after exposure to 450 Gy of IR (Fig. 1) .
A 9-fold reduction in culturability of P. arcticus cells occurred as a result of freezing in low-nutrient medium (0.8% R2A medium) at Ϫ80°C and thawing at 22°C (Fig. 2B) . The additive effect of exposure to 450 Gy reduced the P. arcticus population an additional 12-fold (Fig. 2B) . Long-term incubation at Ϫ15°C showed no measureable difference in culturability of irradiated and control samples (unpaired two-tailed t test; P Ͼ 0.369). Cell survival over 505 days at Ϫ15°C was biphasic, with an initial 80-day exponential decay in which approximately 80% of the population lost culturability, followed by a plateau in the residual fraction (Fig.  2A) . The data from the irradiated and control samples between 80 and 505 days were not statistically different (one-way analysis of variance [ANOVA]; P Ͼ 0.161), indicating that a subpopulation of the cells (ϳ20%) were more resistant to the effects of storage at Ϫ15°C.
Pulsed-field gel electrophoresis was used to visualize high-molecular-weight DNA molecules isolated from populations of P. arcticus (Fig. 3) . Digestion of the chromosomal DNA with NotI facilitated the movement of large-molecular-weight DNA into the gel and provided a means of monitoring the reassembly of chromosomal DNA following the introduction of IR-induced DSBs. Restriction of the intact chromosome with NotI generated seven fragments ( Fig. 3 and 4A ) that corresponded in size to predictions based on the genome sequence. The lowest-molecular-weight band (33 kb) was difficult to resolve under the electrophoretic conditions used. In addition to the seven expected genome fragments, three additional bands (700, 1,600, and 2,200 kb) (Fig. 3) were regularly observed that were consistent with incompletely digested products (e.g., bands 4 and 5 are neighboring fragments on the chromosome that together form an ϳ700-kb molecule). Exposure to 450 Gy of IR led to a drastic change in the pattern of P. arcticus genome fragments as observed by PFGE, reducing the resolvable chromosomal DNA to a population of molecules between 30 and 200 kb ( Fig. 3 and 4A) . This was consistent with dose-rate calculations that predicted the introduction of 16 DSBs into the 2.65-Mb chromosome of P. arcticus, producing an average fragment size of ϳ170 kb. Based on the size of each NotI fragment, the average numbers of DSBs introduced after exposure to 450 Gy ranged from less than one to six DSBs (Table 1) .
During the first 155 days, the DNA remained fragmented, migrating as a low-molecular-weight smear (Fig. 3) . Bands 3 to 5, corresponding to the smaller NotI chromosomal fragments (229, 305, and 375 kb), appeared in some PFGE profiles at 245 days, and by 310 days, these fragments were clearly resolved in all replicates ( Fig. 3 and 4A) . Although bands 1 and 2 (33 and 114 kb) could be visualized by PFGE, they were masked in the electropherograms due to the weak contrast between the fragments and the large pool Table 1 and Fig. 3. (B) DNA DSB repair kinetics. Solid line, regression line for DSBs repaired, with standard deviations of the data (error bars); dotted lines, range of DSBs repaired, based on the minimum and maximum numbers of NotI bands observed after 505 days. MW, molecular weight.
of low-molecular-weight DNA. Since NotI fragments 1 to 5 (33 to 375 kb) required an average of two or fewer DSB repair events for reassembly (Table 1) , these were the first genome segments observed, as would be expected if active DNA repair was occurring. The two highest-molecular-weight bands (598 and 997 kb) were not observed before 505 days ( Fig. 3 and 4A) .
The electropherograms generated from the PFGE images were used to construct Gaussian models (Fig. 4A ) that characterized each band and aided in describing the kinetics of DNA DSB repair (Fig. 4B) . After 155 days of incubation at Ϫ15°C, measureable repair and reassembly of damaged chromosomes had occurred. Using the cumulative number of DNA DSBs repaired in triplicate samples from each time point, averages of 3, 6, and 13 DSBs were repaired after 245, 310, and 505 days, respectively (Fig. 4B) . From the slope of the linear regression, a repair rate of 8 DSBs year Ϫ1 was calculated. Also shown in Fig. 4B are rates of DSB repair based on the minimum and maximum numbers of DNA DSBs repaired in each replicate after 505 days (dotted lines). Either six or seven NotI fragments were observed after 505 days (Fig. 4A) , corresponding to the repair of 12 and 16 DSBs, respectively. Based on these data, we infer that P. arcticus repaired between 7 and 10 DSBs year Ϫ1 under the conditions tested.
DISCUSSION
P. arcticus was isolated from a Siberian permafrost horizon that had been frozen for 20 to 30 ky at temperatures of Ϫ10 to Ϫ12°C (21). Subsequently, this species has provided valuable insight into the growth (22) , genomic composition (19) , and gene expression (23) of permafrost bacteria, as well as the effect of low water activity (24) on these bacteria. P. arcticus has one of the coldest reported growth temperatures (Ϫ10°C) (25) , which is eclipsed only by those of Psychromonas ingrahamii 37 (Ϫ12°C) (26) , Colwellia psychrerythraea strain 34H (Ϫ12°C) (27) , and Planococcus halocryophilus Or1 (Ϫ15°C) (28) . The genome of P. arcticus encodes a complete complement of proteins involved in canonical bacterial DNA repair, including base excision repair, nucleotide excision repair, mismatch repair, and homologous recombination (HR) (19) . Given the opportunity to function, these proteins should be capable of efficiently dealing with DNA damage as it appears. Survival in ancient permafrost and the capacity to grow and metabolize at subzero temperatures (14, 24, 25) were thus the primary rationales for using P. arcticus as a model for examining if bacteria can repair their DNA under conditions physicochemically similar to those found in situ, i.e., low temperature and organic carbon concentrations (total of ϳ10 mg C liter Ϫ1 ) similar to values reported for permafrost (29, 30) .
Exposure to 450 Gy of IR introduced an average of 16 DSBs into the P. arcticus genome, as well as other forms of DNA damage not detectable by PFGE (e.g., single-strand lesions and damage to nitrogenous bases), and led to a 12-fold reduction in the number of CFU ml Ϫ1 . This dose was empirically determined to be the minimum exposure that created sufficient DSB damage to eliminate the resolvable NotI fragments (Fig. 3) . The data from Fig. 3 and 4 imply that reassembly of damaged chromosomal DNA did not proceed immediately after exposure to IR, with a linear rate of DSB repair detected only after 155 days of incubation at Ϫ15°C (Fig. 4B) . The time frame for the initiation of genome assembly coincided with a period in which the number of CFU stabilized and remained statistically unchanged for ϳ350 days (Fig. 2) . Although the repair of DSBs had no appreciable effect on cell culturability (Fig. 2) , the sublethally damaged cells were assayed by plating on culture medium, which would have provided the opportunity for them to repair their DNA prior to initiating colony formation. This result brings a new perspective to the observations of Alur and Grecz (31) and Grecz et al. (32) , who incubated cell suspensions of E. coli for up to 12 months at Ϫ20°C and demonstrated that freezing caused single-and double-strand breaks in the genome which were associated with decreased survival. Unexpectedly, it was observed that the extent of DSBs began to decrease after 4 months postfreezing, and the authors speculated that "random reassociation and aggregation of the initial DNA fragments" was the most likely explanation for the results (32) . Whether or not the DNA repair activity we observed is a property exclusive to cold-adapted species or is more broadly distributed in the microbial world represents fertile territory for further study.
The major, ubiquitous pathway of DNA DSB repair in bacteria is homologous recombination (HR) (33) . Some species (e.g., Bacillus subtilis) also possess a rudimentary analog to the eukaryotic nonhomologous end-joining pathway (NHEJ) (34) , and a modified version of NHEJ, named alternative end joining (A-EJ), exists in E. coli (35) . Recently, genome condensation under stress conditions was suggested as an additional DSB repair mechanism that operates in E. coli (36) . Of these DNA DSB repair mechanisms, only genes involved in HR pathways have been identified in the P. arcticus genome (19) . The P. arcticus inoculum used in our experiments was harvested from the exponential phase of growth, and despite the removal of nutrients, DNA repair enzymes and parental scaffolds for HR could have existed.
Amato et al. (14) examined DNA synthesis in frozen samples of P. arcticus incubated with various nutrient amendments and measured rates at Ϫ15°C that ranged from 20 to 1,625 bp cell Ϫ1 day Ϫ1 . Although their study did not specifically examine DNA repair, it was concluded that if suitable nutrients and redox couples were present, such a rate of DNA metabolism would be adequate for offsetting the DNA damage incurred from natural and cosmic sources of IR in terrestrial and extraterrestrial permafrost. Based on IR dose values in Siberian permafrost (ϳ2 mGy year Ϫ1 ) (37), each cell in a dormant P. arcticus population would incur an average of one DSB every 14,500 years, and the D 37 would be reached in 126,500 years ( Fig. 1) . As an extreme comparison, the time to reach the D 37 would be as few as 305 years on the surface of Mars, which receives solar energetic protons and high-energy galactic cosmic rays (as well as germicidal short-wavelength UV radiation) at a rate estimated to be 830 mGy year Ϫ1 (38) . In this end-member scenario, IR would induce an average of one DSB per cell every 35 years on the Martian surface, a frequency that is 280-fold lower than the rate of DSB repair measured in this study (Fig. 4B) . Our experiments delivered a dose of IR in 90 min that would be equivalent to the cumulative dosage P. arcticus would be exposed to over 225 ky in permafrost (Fig. 1) . As such, a more restrained response to DNA damage may be ample for cellular maintenance under IR conditions that more closely resemble those found in nature. It is also important to note that our estimates of DSBs induced by IR were based on experiments with liquid cell suspensions (20) and therefore may not be directly applicable to those under frozen conditions. However, the sizes of genome fragments observed after exposure to 450 Gy of IR (Fig. 3) agreed well with predicted values (Table 1) . If our data and related calculations are an approximation of P. arcticus's physiological potential in permafrost, a rate of 7 to 10 DSBs repaired year Ϫ1 at Ϫ15°C would be more than sufficient to offset DSB damage resulting from IR in terrestrial permafrost or ice on the surface of Mars. Although this study focused on a cold-adapted bacterium from the cryosphere, our results may have broader implications for understanding microbial longevity in the deep biosphere (e.g., see references 39 and 40) , where microbes persist on scant energy sources and the turnover of microbial biomass is estimated to be hundreds to several thousand years (41, 42) . In his review of the endogenous hydrolytic and oxidative processes that decompose DNA, Lindahl (43) described how genomic DNA would progressively accumulate damage when "deprived of the repair mechanisms provided in living cells." DNA is inherently unstable, exhibiting spontaneous base loss, deamination, and strand breaks. Although the rates of these processes are extremely low under physiological conditions, they will eventually degrade the DNA to a point where information storage is no longer possible. Lindahl concluded that under the best conditions, genomic DNA will degrade to short nonfunctional fragments within tens of thousands of years, and the recovery of low-molecular-weight DNA fragments from long-dead animals and plants supports this prediction (e.g., see reference 44 and references within). However, the rates of DNA decomposition described by Lindahl (43) are not relevant in considering the longevity of genomic DNA if a cell expresses DNA repair processes. We suggest that as long as cells are capable of repair, the long-term effects of spontaneous decomposition or natural radioactive decay on their genomic DNA can be delayed and cell survival extended.
Conclusions. This study demonstrated that P. arcticus has the capacity to overcome damage induced to its genome by IR at a rate Ͼ100,000 times faster than DNA DSB lesions would occur in its native permafrost environment. This has expanded our understanding of bacterial physiology at low temperature and provides direct evidence of a mechanism that could increase the longevity of microbes in frozen matrices. Considering the instability of DNA, the capacity to conduct metabolic activity under icy conditions is a long-term survival strategy that is superior to dormancy. The ability to synthesize (14) and repair (Fig. 4B ) DNA at temperatures relevant to Siberian permafrost and the northern polar region of Mars (45) suggests that long-term survival of P. arcticus under such conditions may be limited only by the water activity and availability of suitable redox couples and nutrients. In conclusion, our investigation of DNA repair in a permafrost bacterium has revealed an important factor pertinent to theoretical predictions of microbial longevity while frozen (37, 38) and is clearly relevant to discussions concerning the survival of microbial life in icy extraterrestrial environments.
